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Dynamics of correlations in a quasi-2D dipolar Bose gas following a quantum quench
Stefan S. Natu,1, 2 L. Campanello,2 and S. Das Sarma1, 2
1Joint Quantum Institute and Department of Physics,
University of Maryland, College Park, Maryland 20742-4111, USA
2Condensed Matter Theory Center, Physics Department,
University of Maryland, College Park, Maryland 20742-4111, USA
We study the evolution of correlations in a quasi-2D dipolar gas driven out-of-equilibrium by a
sudden ramp of the interactions. On short timescales, roton-like excitations coherently oscillate in
and out of the condensate, giving rise to pronounced features in the time-evolution of the momentum
distribution, excited fraction and the density-density correlation function. The evolution of these
correlation functions following a quench can thus be used to probe the spectrum of the dipolar
gas. We also find that density fluctuations induced by the presence of rotons following the quench,
dramatically slows down the rate of spreading of correlations in the system: near the roton instability,
correlations take infinitely long to build up and show deviations from light-cone like behavior.
I. INTRODUCTION
Recent advances in ultra-cold atomic and molecular
gases have greatly expanded the potential of these sys-
tems as tools for studying many-body physics [1]. For
example, the realization of quantum degenerate gases
with large magnetic dipole moments [2–6], ongoing ef-
forts to trap and cool polar molecules [7–10], experiments
on Rydberg atoms [11], trapped ions [12, 13], and atoms
in high finesse optical cavities [14] have opened up the
possibility of realizing ultra-cold atomic systems with
long-range interactions, such as the anisotropic dipole-
dipole interaction [15–18]. Concurrently, better control
over experimental parameters and high resolution imag-
ing techniques have introduced new probes for exploring
many-body physics, notable among which is the ability
to study the dynamics of correlations following a non-
adiabatic ramp (quench) of system parameters [19–27].
Remarkably, these quench experiments provide a wealth
of information about the low energy properties of the
underlying system such as the nature of the excitations,
and the manner in which correlations develop in a sys-
tem. Here we study the evolution of correlations in a
quasi-2D dipolar gas following a sudden quench of the
interaction strength, finding non-trivial dynamics even
in this weakly interacting system.
A novel property of quasi-2D dipolar superfluids is
that in addition to the phonon-like mode at low ener-
gies Ek ∼ ck, the low energy excitation spectrum also
features a roton-like mode (Ek = ∆ + ~
2(k − kr)2/2m∗)
for sufficiently strong dipolar interactions [28, 29]. The
existence of roton-like excitations generally implies that
the system has a tendency towards developing crystalline
order, and the softening of the roton mode is often a route
towards realizing correlated states of matter such as su-
persolids and Wigner crystals in Bose and Fermi systems
[30–36]. Observing this mode therefore constitutes an es-
sential first step towards the study of many body physics
in dipolar systems.
Here we investigate how the roton mode is revealed
in the spatio-temporal evolution of one and two-body
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FIG. 1: (Color Online) Top: Evolution of the radial momen-
tum distribution nk in a quasi-2D dipolar gas (lz is the width
of the cloud in the direction perpendicular to the 2D plane),
following a sudden ramp of the dipolar interaction. Momen-
tum distribution develops a peak at the wave-vector (black ar-
row) corresponding to the roton minimum in the inset. The
period of the oscillations is proportional to the roton gap.
Black curve is the the corresponding equilibrium feature for
the same interaction where no prominent roton signature is
found. Time (t) is given in units of 1/(νho = 2~
2/ml2z).
correlation functions, following a sudden switching on of
the dipolar interactions. Our main result, summarized
in Fig. 1, shows that these correlations develop strik-
ing features that are directly related to the underlying
roton minimum in the dispersion. This is because on
timescales short compared to the collision time, excita-
tions are coherent, and the momentum distribution de-
velops oscillations at different k, at a frequency equal to
the energy of the excitation Ek. As the roton excitations
oscillate at nearly the same energy (Ek ∼ ∆), a cooper-
ative effect occurs whereby the amplitude of oscillations
is enhanced. The momentum distribution, which is read-
ily measured following time-of-flight, can therefore probe
the roton gap.
In addition to providing information about collective
excitations [37], quench experiments raise fundamental
questions about the non-equilibrium dynamics of isolated
quantum systems [23, 24, 38]. One such question con-
cerns the manner in which correlations build up between
initially uncorrelated regions on short and long times fol-
lowing a quench. For lattice systems interacting via short
2range forces, Lieb and Robinson showed that correlations
evolve in a light-cone manner [24, 39–41], which has been
recently confirmed both experimentally and numerically
[24]. However, questions remain about continuum and
lattice systems interacting with long range interactions.
Recent work on trapped ion chains have provided evi-
dence for the breakdown of the light-cone picture in sys-
tems with long range interactions [42–44]. We show that
for the continuum system, for weak dipolar interactions,
correlations exhibit some features analogous to a light-
cone. However the dynamics show marked deviations
from light-cone evolution for strong dipolar interactions:
correlations take longer to build up, and one cannot as-
sociate a characteristic velocity with their spread. This
is due to the oscillation of the system between a weakly
interacting superfluid, and a correlated state with locally
ordered domains.
This paper is organized as follows: In Sec II we present
the time-dependent Bogoliubov approach for studying
the evolution of correlations in weakly interacting quasi-
2D dipolar gases and discuss our results in Sec III. In
Sec IV, we compare our results with those of a fully self-
consistent theory, recently developed by Lin and Radzi-
hovsky [45], where the condensate fraction is considered
as a time-dependent variable. In Sec V, we discuss the
relevance of our work to ongoing experiments on dipolar
Bose gases, and summarize our results in Sec VI.
II. THEORY
We consider a quasi-2D dipolar Bose gas of mass m,
at zero temperature, confined in a harmonic potential
of the form U(z) = 12mω
2
zz
2, and free in the x − y
(transverse) directions. Furthermore, we assume that the
dipoles are polarized along the z−direction, which yields
a dipolar interaction potential of the form Vdip(R) =
d2
|R|3 (1 − 3 cos2(θ)), where d is the dipole moment, and
cos(θ) = z/|R|. Additionally, there is a short-range in-
teraction potential, which we model as Vc(R) = gδ(R),
where g = 4π~2a/m, and a is the 3D s-wave scattering
length. Effects of finite temperature (T ) are small pro-
vided T ≪ ∆ [46].
We model the quasi-2D gas by making the Gaussian
ansatz: n3D(R = {r, z}) = n(r)Ψ(z) = 1√
πl2z
n(r)e−z
2/l2z ,
where r and z is the radial and the axial co-ordinate
respectively, and lz is a variational parameter which
can be determined by solving the Gross-Pitaevskii equa-
tion in the axial direction [47]. When the confining
potential greatly exceeds the interaction energy, lz →√
~/mωz, while for weak axial confinement, lz ∼ ζ,
the healing length of the condensate. Integrating out
the z-direction, the Fourier transform of the resulting
quasi-2D interaction potential reads [47, 48]: V (k) =
1√
2πlz
(
g + gd F
(
klz√
2
))
, where k =
√
k2x + k
2
y is the
magnitude of the radial momentum, gd =
2π
3 d
2, and
F (x) = 2 − 3√πx Erfc(x)ex2 , where Erfc(x) is the com-
plimentary error function.
The Hamiltonian for a uniform quasi-2D dipolar Bose
gas, where the dipoles are aligned along the z−axis reads:
H =
∑
k
(ǫk − µ) a†kak +
1
2Ω
∑
pqk
V (q)a†p+qa
†
k−qakap (1)
where ǫk = ~
2k2/2m, ak is the bosonic annhilation oper-
ator at momentum k and time t, Ω is the area, and µ is
the chemical potential.
We consider the evolution of the momentum distribu-
tion nk(t) = 〈a†k(t)ak(t)〉, and the density-density corre-
lation function: g(2)(r, t) =
∑
q e
iq·r〈ρq(t)ρ−q(0)〉, where
ρq(t) =
∑
k a
†
k+q(t)ak(t), following a sudden quench in
the dimensionless interaction parameter g˜ = gd/g. The
former can be readily probed in time-of-flight [49], while
the latter can be studied using high resolution imaging
[23, 24], Bragg spectroscopy [50] or noise correlations [51].
A. Time-dependent Bogoliubov ansatz
In quasi-2D at zero temperature, there is a true Bose
condensate [52], and we can model the dynamics us-
ing a time-dependent Bogoliubov approach. This the-
ory is valid for weak interactions, which are governed
by the small parameter a/lz ≪ 1. Throughout we refer
to “weak” dipolar interactions as the regime where the
underlying dispersion does not have a roton feature and
“strong” dipolar interactions as the regime where it does.
It is important to emphasize that the physics of the roton
mode in quasi-2D dipolar gases is not a feature of strong
density correlations (as in He-4 [53]), rather one of geo-
metric confinement [28]. Hence the condition a/lz ≪ 1
is satisfied even for “strong” dipolar interactions, where
the roton mode is present.
We set the density of condensate atoms n0 = 〈ak=0〉2,
and write ak 6=0(t) = uk(t)bk + v∗k(t)b
†
−k, where bk de-
notes the bosonic annihilation operator for the non-
condensed atoms [54]. The bk operators have no time
dependence, and are formally treated as small. Substi-
tuting the expression for ak6=0 into Eq. 1, and discard-
ing all terms cubic or higher order in bk, we arrive at
uk(t = 0) =
√
1
2
(
1 + ǫk+Vi(k)n0
Ei
k
)
and vk(t = 0) =
−sgn(Vi(k))
√
1
2
(
ǫk+Vi(k)n0
Ei
k
− 1
)
, where sgn(x) denotes
the sign of the argument, and Eik =
√
ǫk(ǫk + 2Vi(k)n0),
where the index i, denotes the initial state. At fu-
ture times, these coherence factors uk(t) and vk(t) ac-
quire complex values, but will always satisfy |uk(t)|2 −
|vk(t)|2 = 1.
For now we assume that the condensate is static, in
other words, n0 ≈ n. The advantage of this somewhat
simplified approximation is that it allows us to make an-
alytic predictions for the long time behavior of the ex-
cited fraction. Later on we present a fully self-consistent
3Bogoliubov theory which takes into account the time-
dependence of the condensate density via the relation
n = n0(t) +
∑
k nk, where n is the total density, which
is a constant of motion. This allows us to put better
quantitative bounds on the validity of our theory for ex-
periments on quasi-2D dipoles.
The equations of motion for uk and vk are obtained
from the Heisenberg equations of motion for ak, and read
[54]:
i∂t
(
uk(t)
vk(t)
)
=
(
Ak Bk
−Bk −Ak
)(
uk(0)
vk(0)
)
(2)
where we have introduced the functions Ak = ǫk +
Vf (k)n0, Bk = Vf (k)n0 and E
f
k =
√
A2k −B2k is the Bo-
goliubov dispersion. As we consider a sudden quench, the
evolution of uk and vk depends only on the final Hamil-
tonian parameters, denoted by the label f . Physically,
the time-dependent Bogoliubov approximation amounts
to coherent oscillations of quasi-particles in and out of
the condensate at a frequency proportional to the quasi-
particle energy Efk . Absent collisions, excitations at dif-
ferent momenta evolve independently of one another.
We note that Eq. 2 is the bosonic analog of the time-
dependent Bogoliubov deGennes equations, which de-
scribe the dynamics of Cooper pairs following an inter-
action quench in a Fermi gas [55].
The evolution of the momentum distribution is given
by nk(t) = |vk(t)|2. We also define the excited frac-
tion as nex(t) =
∫
dk nk(t). The density-density
correlation function takes the form g(2)(r, t) = n20 +
n0
∑
k e
ik·r
(
2|vk(t)|2+u∗k(t)vk(t)+uk(t)v∗k(t)
)
[56]. The
first term is the correlation between the condensate
atoms, while the second term involves correlations be-
tween the condensed and non-condensed atoms. Terms
which involve correlations between the non-condensed
atoms alone (quartic in uks and vks) are negligible on
length scales r & ζ [54, 57, 58]. We define a dimen-
sionless density-density correlation function g˜(2)(t) =
g(2)(t)l2z/2n0.
III. RESULTS
We now present the results for the evolution of the mo-
mentum distribution and the density-density correlation
function following a quench using the non-self-consistent
version of the Bogoliubov theory presented above. In the
next section, we will go beyond this approximation by
making the condensate density time-dependent.
Although we can model arbitrary quenches, through-
out we consider an initial state prepared in equilibrium
at zero temperature, with c˜2 = gin0/νho = 1, where
νho = 2~
2/ml2z and g˜i = gd/g = 0. The relevant param-
eter governing the dynamics is the ratio of the strength
of the dipolar and contact interactions after the quench
g˜f = gd,f/gf . Experimentally this parameter can be var-
ied by either tuning the contact interaction or the mag-
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FIG. 2: (Color Online) Top: Coherent evolution of the dimen-
sionless excited fraction n˜ex(t) = l
2
znex/2 for different values
of g˜f = gd/g. To compare the scale on the vertical axis, the
total density is nl2z ∼ 3 for typical densities and axial trap-
ping potentials. From bottom to top: g˜f = 1 (thin black), 2.1
(dotted green), 2.3 (dashed blue), 2.5 (thick red). Bottom-
left: energy-momentum dispersion curves for the values of
g˜f in Top. Bottom-Right: Data shows numerically extracted
values of the roton gap from the oscillations in the top plot
(see solid red curve), solid line is the roton gap extracted from
the energy momentum dispersion. For g˜ < 2.3 the dispersion
does not have a sharp roton-like feature.
netic dipole-dipole interaction via a rapidly varying pla-
nar magnetic field in addition to the static field along z
[3, 62]. As discussed by Giovanazzi et al. [62], this latter
protocol yields an effective (time-averaged) dipolar inter-
action of the form 〈Vdip(R)〉 = d2|R|3 (1 − 3 cos2(θ))α(φ),
where α(φ) = (3 cos2(φ) − 1)/2, where φ is the tilting
angle. By controlling the angle φ, the dipolar interaction
can be completely switched off and turned on. Hence-
forth, we keep g fixed (gi = gf), and produce a non-zero
g˜f by suddenly switching on the dipolar interaction gd,
and study the subsequent evolution of correlations. The
final value of gf is chosen such that the quasi-2D dipolar
gas is mechanically stable (Efk ≥ 0 for all k) [47].
In Fig. 1, we plot the temporal evolution of the mo-
mentum distribution nk(t) for a quench to strong dipolar
interactions (g˜f = 2.65). In addition to the usual diver-
gence near k = 0, which is associated with Bose con-
densation, the momentum distribution develops a second
peak associated with roton-like excitations. Furthermore
(and somewhat surprisingly), at the peak maximum, the
occupation of rotons is substantially larger than the equi-
librium (zero temperature) occupation of these modes at
the same interaction strength.
In Fig. 2(top) we plot the excited fraction obtained by
integrating the momentum distribution over all k. For
weak dipolar interactions, the excited fraction rapidly
saturates to a constant value whereas for stronger dipolar
interactions, it develops oscillations which become pro-
nounced as g˜f is increased.
4Physically, this is understood as follows: after the
quench, the system responds by populating modes at
different wave-vectors. For a non-dipolar gas, as quasi-
particles oscillate in and out of the condensate, “fast”
quasi-particles rapidly dephase relative to one another,
leaving only the “slow” modes, namely the phonons.
The energy scale separating the slow and fast modes is
(g + gd)n0, and consequently, the excited fraction satu-
rates to its asymptotic value on times τ = 1/(g + gd)n0.
As the dipolar interaction strength is increased (green,
dotted curve in Fig 2 (top)), the excited fraction develops
undamped oscillations. This is due to the fact that for
this interaction strength, the dispersion develops a broad
flat shoulder (see green (dotted) dispersion curve). As a
result, many modes oscillate at the same frequency, again
giving rise to undamped oscillations in nex. This broad
shoulder is the precursor to the roton minimum which
appears for larger interaction strengths.
Upon further increasing the dipolar interaction,
(equivalently g˜f ) the excited fraction shows pronounced,
weakly damped oscillations. This is because for strong
dipolar interactions, there are two distinct “slow” modes
in the system: phonons and rotons. These modes have
different dispersions, hence different density of states
(DOS): the phonon DOS n(ǫ) = k dk/dǫ vanishes as
ǫ → 0, whereas the roton DOS reads n(ǫ) = m∗(1 +
kr/
√
2m∗|ǫ −∆|), which diverges as 1/
√
|ǫ −∆|. For
quenches to strong dipolar interactions, the larger DOS
for roton-like modes implies that the system preferen-
tially occupies rotons following the quench. Furthermore,
unlike phonon modes which occupy a range of momenta
(0 < ~k <
√
2m(g + gd)n0), all the roton modes have
nearly the same energy (Eroton ∼ ∆). This leads to a
cooperative amplification of the oscillations in the mo-
mentum distribution. Not surprisingly, the timescale for
these oscillations is roughly τroton = 1/∆. For quenches
to strong dipolar interactions, where τroton > τ , the
timescale for the fast modes to dephase relative to one
another, the excited fraction also develops oscillations.
These can be readily probed in time-of-flight [27]. The
dynamics of the roton modes in this bosonic dipolar gas is
analogous to that of Cooper pairs in an attractive Fermi
gas, driven out of equilibrium following an interaction
quench [55]. In that case, the coherent oscillation of
Cooper pairs leads to oscillations in the superconduct-
ing pairing gap.
At long times, the excited fraction calculated using a
saddle point approximation takes the approximate an-
alytic form nex(t → ∞) ∝ cos(2∆t + φ)/∆˜2
√
η t νho,
where η = m/m∗, ∆˜ = ∆/νho, and φ is an arbitrary
constant phase factor. The dynamics are described by
damped oscillations at a frequency equal to twice the
roton gap, and an envelope which decays algebraically
as 1/
√
t. Indeed, the roton gap extracted from fit-
ting the numerical data for nex(t) to this long time
asymptotic formula is in near perfect agreement with
the gap obtained directly from the dispersion relation
Ek =
√
ǫk(ǫk + 2Vf (k)n0). Hence the roton gap can be
directly accessed from a sudden quench experiment.
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FIG. 3: Top: Density-density correlation function for differ-
ent values of r, for a quench to g˜f = 1 (left) and g˜f = 2.6
(right) respectively. Arrows indicate the feature whose dis-
persion we study in the bottom plot for different final values
of g˜f . (Bottom-Left) Temporal location of the dip feature
(arrow) in the density-density correlation (tdip) for different
values of r and different interactions: Black g˜f = 1, Green
(dashed) g˜f = 2, Blue (dotted) g˜f = 2.2, Red (dashed-dotted)
g˜f = 2.6. (Bottom-Right) Data points show the velocity of
spreading of correlations in a quasi-2D gas for quenches to
different g˜f . Inset is a zoom-in for strong dipolar interactions
(v˜ = v/(lzνho/
√
2)), the solid line is the characteristic velocity
of roton-like modes v = 2∆/~kr for different g˜f .
We now turn to the evolution of the density-density
correlation function[23, 24, 42, 43], which reads: g˜(2)(t)−
g˜(2)(0) = − 1π
∫
dkkJ0(kr) sin(E
f
k t)
2ǫkB
f
k
ǫk+gin0
Ei
k
Ef
k
, where
J0 is the Bessel function of the first kind.
In Fig. 3 we plot g(2)(r, t) for different values of r fol-
lowing a quench to two different values of g˜f , starting
from g˜ = 0. For weak dipolar interactions (g˜f . 1),
following rapid oscillation on very short timescales, the
density-density correlation function develops a dip fea-
ture which disperses to later times as r increases, and
then rapidly relaxes to its long time value [54, 65].
For strong dipolar interactions, density correlations dis-
play persistent oscillations, with a frequency largely in-
dependent of r. The rapid oscillations at very short
times stem from the propagation of very fast particles
(Ek ∼ k2, klz ≫ 1), produced after the quench, and are
absent in systems with a bounded spectrum (arising from
a lattice) [24, 54, 65].
On longer timescales, correlations develop a dip fea-
ture, associated with low energy excitations. The tempo-
ral location of the dip feature (tdip) in the density-density
correlations (Fig. 3 (bottom-left)) shows a linear depen-
dence with r at small g˜f . The slope of the curves at large
5r, plotted on the bottom-right panel, is the characteris-
tic velocity of spreading of correlations. Absent damping
processes, quasi-particles propagate ballistically, hence
correlations display light-cone behavior at large distances
[39, 40, 54], which a velocity v ∼ 〈∂Ek/∂k〉. At small g˜f ,
we expand the dispersion as Ek ≈
√
c˜2(1 + 2g˜f)k, and
approximate the Bessel function J0(x) ≈ cos(x/
√
2), to
obtain a velocity v ≈ 2lzνho, which is indeed what we
find numerically by taking the slope of the black curve in
(Fig. 3 (bottom-left)).
Increasing dipolar interactions decreases the velocity,
as repulsive interactions lower the average group velocity
of the quasi-particles in a quasi-2D dipolar gas. Nonethe-
less, for g˜ ≤ 2.5, correlations still spread in a light-cone
manner, and one can associate a characteristic velocity
with their spread. For strong dipolar interactions, this
velocity approaches v → 2∆/~kr.
For quenches to even stronger dipolar interactions, the
dispersion of the dip develops a non-trivial step-like fea-
ture. The width of the step grows with g˜f , becoming in-
finitely wide at the roton instability threshold, indicating
that near the roton instability, correlations take infinitely
long to build up. Physically, this can be understood as
follows: following the quench to strong dipolar interac-
tions, the system develops locally ordered domains, which
are otherwise uncorrelated with one another. These do-
mains prevent correlations from spreading through the
system. The timescale over which these domains appear
and disappear is linked to the oscillations in the roton
occupation number, which is set by τroton. Correlations
spread rapidly when the domains are absent, and slowly
when the domains are present, giving rise to the step-
like feature. Near the roton-instability threshold, τroton
diverges, and the domains become extremely long lived,
preventing correlations from spreading altogether.
IV. SELF-CONSISTENT BOGOLIUBOV
APPROACH
In this section we discuss in detail the limitations of
the approximation of a static condensate, employed to
obtain the results presented in Sec IV. This approach is
valid provided that nex ≪ n0 at all times during the evo-
lution. While this condition is met for weak interactions
or short times, it is dramatically violated very near the
roton instability threshold, and a better modeling of the
condensate is required.
In this section we compare our “static” treatment of
the time-dependent Bogoliubov approximation [54] of Sec
III to a fully self-consistent Bogoliubov treatment of the
dynamics, developed by Lin and Radzihovski [45], where
we let the condensate density fluctuate in time according
to:
n0(t) = n− nex(t). (3)
Here n0 is the condensate fraction, n is the total density,
which is a constant of motion, and nex =
∫
dk nk(t), as
defined in the main text.
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FIG. 4: (Color Online) (Top) Coherent evolution of the ex-
cited fraction n˜ex(t) for different values of η at g˜f = gd/g =
2.5, obtained by self-consistently solving for the condensate
fraction using Eq. 3. The red (solid, thick) curve is the non-
self consistent result (assuming n0 ≈ n), also shown in Fig. 2
of the main text. The green (dashed), blue (dotted) and black
(thin) curves correspond to η = 0.05, 0.1, 0.25 respectively.
(Bottom) Same as top with g˜f = 2.6.
As in Sec III, we consider a quench from an initially
non-dipolar gas from g˜i = gd/g = 0, to some finite value
g˜f > 0, keeping the contact interaction parameter g fixed.
At each time step (t) following the evolution, the con-
densate fraction is varied according to Eq. 3, which is
then used to calculate uk(t + δt) and vk(t + δt) from
Eq. 2. The updated excited fraction is used to obtain a
new condensate fraction, and the procedure is repeated.
This procedure becomes exact in the limit of vanishing
δt and we have verified that the time-steps (δt) are small
enough that effects of finite step-size are negligible over
the timescales we study.
The relevant parameter that controls the strength of
the excited fraction is η = 2/nl2z, which we vary, along
with the quench amplitude g˜f . Eq. 3 then becomes:
n˜0(t) = 1− η n˜ex(t), (4)
where n˜0 denotes the condensate fraction and n˜ex is the
dimensionless excited fraction, which is plotted in Fig. 4
for a quench to g˜f = 2.5. Large η implies the gas is
becoming more 2D-like.
Integrating the momentum distribution in Fig. 4, we
find that the dynamics of the excited fraction is qualita-
tively similar to Fig. 2, even when the condensate fraction
is assumed to be a dynamical variable. Quantitatively
however, the amplitude and frequency of the oscillations
decreases as η is increased. Although small oscillations
6are present even for η & 0.3, the amplitude of the oscil-
lations may be difficult to detect experimentally. For the
black (thin, solid) curve, the oscillation frequency differs
from that shown in the red (thick, solid) curve by 10%.
Recall that the oscillation frequency for the red (thick,
solid) curve is equal to twice the equilibrium roton gap
at g˜ = 2.5. Increasing the quench amplitude (g˜f ) causes
the oscillations in the excited fraction to become anhar-
monic, and for larger g˜f values, one has to go to smaller η
to recover quantitative agreement with the non-self con-
sistent results. The anharmonicity is to be expected as
the different k modes are now coupled to one another
via the time-dependent condensate fraction. Nonethe-
less, even at g˜ = 2.6, shown in the bottom panel, the
dynamics retains the qualitative features obtained from
the simple theory presented in the main text.
The parameter η is experimentally tunable either by
tuning the density or the axial trapping potential. Based
on our findings above, quench dynamics can probe de-
tails of the underlying equilibrium dispersion, even for
strong quenches (g˜ ∼ 2.5), provided that η ≤ 0.3. De-
spite the seemingly small value of this parameter, this
implies that the inter-particle spacing n−1/2/lz ≤ 0.4.
These conditions can be readily achieved in experiments
even for moderate densities (n ∼ 108−109cm−2), for typ-
ical trapping potentials of ωz/2π ∼ 100− 1000Hz [46].
On even longer timescales, beyond mean-field correc-
tions such as collisions between quasi-particles, and be-
tween quasi-particles and condensate atoms (Landau and
Beliaev damping [59]), which are not captured by our
self-consistent approach will endow the excitations with
a finite lifetime (τel), and drive the system towards ther-
mal equilibrium. At low temperatures T ≪ µ,∆, Beliaev
processes dominate, and their rates can be estimated per-
turbatively in powers of a/lz. For quasi-2D dipolar gases
however, these rates are strongly suppressed for phonons
and rotons, owing to the nature of the quasi-2D disper-
sion [60, 61].
V. DISCUSSION
We now discuss the relevance of our work to ongoing
experiments on quasi-2D dipolar gases. Experiments so
far have not been able to decisively verify the existence
of the roton mode, because the signatures of this mode
in correlation functions are rather weak [67]. Here we
have proposed the use of a sudden quench to amplify
these signatures. The physical reason for this is clear:
on short timescales, excitations coherent oscillate in and
out of the condensate and the fact that roton excitations
all oscillate with nearly the same frequency will lead to
an amplification of the signal, similar to what occurs in
driven Fermi systems. In this respect, the bosonic dipolar
gas behaves like a fermionic system. The main advantage
of our approach is its simplicity; the momentum distri-
bution following a quench can be readily measured in
ultra-cold systems, and direct provides access to the ro-
ton gap, without the need for sophisticated spectroscopy.
Using a time-depedent Bogoliubov ansatz, we have
shown that this mode can indeed be identified follow-
ing a quench, and the roton gap energy can be mea-
sured from simple time-of-flight measurements. To en-
sure that this is not an artifact of our approximations,
we have presented a fully self-consistent theory, which
allows the condensate density to fluctuate and identified
the parameter regimes where the non-self consistent re-
sults are expected to be qualitatively and quantitatively
accurate. We predict that provided the inter-particle
spacing n−1/2/lz ≤ 0.4, the roton gap can be probed
using a quench to within 10%. While the quantitative
magnitude of the effect we predict is contingent upon ex-
perimental realities, quench dynamics can complement
other probes of excitations in dipolar gases [68, 69].
An important complication in most experiments is
the presence of weak harmonic confinement. In a trap,
the low lying collective modes are density oscillations,
which occur on frequencies proportional to ωr, the ra-
dial trap frequency. The physics we describe here oc-
curs on timescales τroton = 1/∆ ∼ms ≪ τtrap ∼ 50ms.
On timescales much shorter than the trap period, the
overall condensate density profile (which requires global
mass transport) is relatively unaffected, and a local den-
sity approximation can be used. Using this approxima-
tion, we have verified that numerically that the oscilla-
tions in nex persist for a few cycles in τroton. On longer
times, comparable to the trap period, collective density
modes will wash out the oscillations in nex, and a better
modeling of the condensate dynamics and the interaction
between the condensed and non-condensed clouds is re-
quired. While such a theory can be performed, should
experiments demand quantitative refinement, it is be-
yond the scope of the present paper. However, owing
to the separation of timescales between τroton ≪ τtrap in
typical experiments, the oscillations we find here should
be observable, without complications arising from trap
effects. Furthermore, nearly homogeneous Bose Einstein
condensates have been experimentally realized by using
box shaped traps [63].
VI. SUMMARY AND CONCLUSIONS
In this work we have studied the non-equilibrium dy-
namics of a quasi-2D dipolar Bose gas, following a sudden
quench in the interaction strength. Remarkably we find
that quench dynamics can probe the excitation spectrum
of the dipolar gas, which otherwise in equilibrium, dis-
plays no pronounced spectral signature of the underlying
roton mode. Physically, the reason for this is that on
timescales t ∼ τroton ≪ τtrap, τel, excitations coherently
oscillate in and out of the condensate. As roton excita-
tions all oscillate at nearly the same frequency ∆, this
leads to a cooperative enhancement of the signal in cor-
relation functions. In this respect, our bosonic system
displays an interesting parallel with a Fermi gas with
7attractive interactions, where the quench to attractive
interactions leads to an enhancement of the supercon-
ducting gap [55, 70–73]. It will be extremely interest-
ing to study whether the non-equilibrium enhancement
of rotons could be a route to realizing (albeit metastable
[74, 75]), quantum crystalline phases of matter. We hope
that our work will not only motivate experiments to use
quantum quenches to look for roton physics, but also
further theoretical studies on the nature of spreading of
correlations in dipolar systems.
VII. ACKNOWLEDGEMENTS
It is a pleasure to thank Benjamin Lev, Kristian Bau-
mann, Mingwu Lu and Rajdeep Sensarma for insight-
ful discussions during the completion of the work, and
Ryan Wilson for his careful reading of the manuscript.
SN would like to thank V. Galitski for pointing him to
Ref. [55]. SN is supported by JQI-NSF-PFC, AFOSR-
MURI, and ARO-MURI.
[1] I. Bloch, J. Dalibard, and S. Nascimbene, Nat. Phys. 8
267 (2012).
[2] T. Koch, T. Lahaye, J. Metz, B. Froh¨lich, A. Griesmaier
and T. Pfau, Nature Physics 4 218 (2008).
[3] T. Lahaye, J. Metz, B. Froh¨lich, T. Koch, M. Meister,
A. Griesmaier, T. Pfau, H. Saito, Y. Kawaguchi and M.
Ueda, Phys. Rev. Lett. 101, 080401 (2008).
[4] M. Lu, N. Q. Burdick, S. H. Youn and B. L. Lev, Phys.
Rev. Lett. 107 190401 (2011).
[5] M. Lu, N.Q. Burdick and B. L. Lev, Phys. Rev. Lett.
108 215301 (2012).
[6] K. Aikawa, A. Frisch, M. Mark, S. Baier, A. Rietzler,
R. Grimm and F. Ferlaino, Phys. Rev. Lett. 108 210401
(2012).
[7] C-H. Wu, J. W. Park, P. Ahmadi, S. Will and M. W.
Zwierlein, Phys. Rev. Lett. 109 085301 (2012).
[8] A. Chotia, B. Neyenhuis, S. A. Moses, B. Yan, J. P.
Covey, M. Foss-Feig, A. M. Rey, D. S. Jin and J. Ye,
Phys. Rev. Lett. 108 080405 (2012).
[9] J. Dieglmayr, A. Grochola, M. Repp, K. Mo¨rtbauer, C.
Glu¨ck, J. Lange, O. Dulieu, R. Wester and M. Wei-
demu¨ller, Phys. Rev. Lett. 101 133004 (2008).
[10] B. Pasquiou, A. Bayerle, S. M. Tzanova, S. Stellmer, J.
Szczepkowski, M. Parigger, R. Grimm and F. Schreck,
Phys. Rev. A 88 023601 (2013).
[11] K. Singer, M. R-Lamour, T. Amthor, L. G. Marcassa and
M. Weidemu¨ller, Phys. Rev. Lett. 93 163001 (2004).
[12] J. W. Britton, B. C. Sawyer, A. C. Keith, C.C-J. Wang,
J. K. Freericks, H. Uys, M. J. Biercuk, J. J. John and J.
Bollinger, Nature 484 489 (2012).
[13] R. Islam, C. Senko, W. C. Campbell, S. Korenbilt, J.
Smith, A. Lee, E. E. Edwards, C.-C.J. Wang, J. K. Fre-
ericks and C. Monroe, Science 340 583 (2013).
[14] R. Mottl, F. Brennecke, K. Baumann, R. Landig, T. Don-
ner and T. Esslinger, Science 336 1570 (2012).
[15] R. Blatt and C. F. Roos, Nat. Phys. 8 277 (2012).
[16] D. Porras and J. I. Cirac, Phys. Rev. Lett. 92 207901
(2004).
[17] T. Lahaye, C. Menotti, L. Santos, M. Lewenstein and T.
Pfau, Rep. Prog. Phys. 72 126401 (2009).
[18] L. D. Carr, D. DeMille, R. V. Krems and J. Ye, New J.
Phys. 11 055049 (2009).
[19] C-L. Hung, X. Zhang, L-C. Ha, S-K Tung, N. Gemelke
and C. Chin New. J. Phys. 13 075019 (2011).
[20] C.-L. Hung, X. Zhang, N. Gemelke and C. Chin, Phys.
Rev. Lett. 104 160403 (2010).
[21] W. S. Bakr, J. I. Gillen, A. Peng, M. E. Tai, S. Foelling
and M. Greiner, Nature 462 74 (2009); W. S. Bakr, A.
Peng, M. E. Tai, R. Ma, J. Simon, J. Gillen, S. Foelling,
L. Pollet and M. Greiner Science 329 547 (2010).
[22] J. F. Sherson, C. Weitenberg, M. Endres, M. Cheneau,
I. Bloch and S. Kuhr, Nature 467 68 (2010).
[23] C-L. Hung, V. Gurarie and C. Chin, Science 341 1213
(2013).
[24] M. Cheneau, P. Barmettler, D. Poletti, M. Endres, P.
Schaub, T. Fukuhara, C. Gross, I. Bloch, C. Kollath and
S. Kuhr, Nature, 481 484 (2012).
[25] U. Schneider, L. Hackermu¨ller, J. P. Ronzheimer, S. Will,
S. Braun, T. Best, I. Bloch, E. Demler, S. Mandt, D.
Rasch and A. Rosch, Nature Physics 8 213 (2012); J. P.
Ronzheimer, M. Schrieber, S. Braun, S. S. Hodgman, S.
Lander, I. P. McCulloch, F. Heidrich-Meisner, I. Bloch
and U. Schneider, Phys. Rev. Lett. 110 205301 (2013).
[26] S. Trotzky, Y-A. Chen, A. Flesch, I. P. McCulloch, U.
Schollwo¨ck, J. Eisert, and I. Bloch Nature Physics 8 325
(2012).
[27] P. Makotyn, C. E. Klauss, D. L. Goldberger, E. A. Cor-
nell and D. S. Jin, Nature Physics, 10 116 (2014).
[28] L. Santos, G. V. Shlyapnikov, and M. Lewenstein, Phys.
Rev. Lett. 90 250403 (2003).
[29] L. Landau, J. Phys. U. S. S R 5 71 (1941); R. P. Feynman,
Phys. Rev. 94 267 (1954).
[30] T. Schneider and C. P. Enz, Phys. Rev. Lett. 27 1186
(1971).
[31] M. Vengalattore, J. M. Higbie, S. R. Leslie, J. Guzman,
L. E. Sadler and D. M. Stamper-Kurn, Phys. Rev. Lett.
100 170403 (2008).
[32] R. W. Cherng and E. Demler, Phys. Rev. Lett. 103
185301 (2009).
[33] N. Henkel, F. Cinti, P. Jain, G. Pupillo and T. Pohl,
Phys. Rev. Lett. 108 265301 (2012).
[34] S. M. Girvin, A. H. MacDonald, and P. M. Platzman,
Phys. Rev. B 33 2481 (1986).
[35] Y .N. Joglekar, A. V. Balatsky and S. Das Sarma, Phys.
Rev. B 74 233302 (2006).
[36] T. Keilmann, I. Cirac and T. Roscilde, Phys. Rev. Lett.
102 255304 (2009).
[37] V. Gritsev, E. Demler, M. Lukin and A. Polkovnikov,
Phys. Rev. Lett. 99 200404 (2007).
[38] A. Polkovnikov, K. Sengupta, A. Silva and M. Vengalat-
tore, Rev. Mod. Phys. 83 863 (2011).
[39] E. H. Lieb and D. W. Robinson, Commun. Math. Phys.,
28 251 (1972).
[40] P. Calabrese and J. Cardy, Phys. Rev. Lett., 96 136801
(2006).
[41] M. Hastings, arXiv:1008.5137 (unpublished).
[42] P. Richerme, Z-X. Gong, A. Lee, C. Senko, J. Smith, M.
8Foss-Feig, S. Michalakis, A. V. Gorshkov and C. Monroe,
arXiv:1401.5088.
[43] P. Jurevic, B. P. Lanyon, P. Hauke, C.Hempel, P. Zoller,
R. Blatt and C. F. Roos, arXiv:1401.5387.
[44] J. Schachenmayer, B. P. Lanyon, C. F. Roos and A. J.
Daley, Phys. Rev. X. 3 031015 (2013).
[45] X. Yin and L. Radzihovsky, Phys. Rev. A 88 063611
(2013).
[46] A. Boudgemaa and G. V. Shlyapnikov, eprint.arXiv:
1212.1136.
[47] U. R. Fischer, Phys. Rev. A 73 031602 (R) (2006).
[48] C. Ticknor, R. M. Wilson and J. L. Bohn, Phys. Rev.
Lett. 106 065301 (2011).
[49] I. Bloch, J. Dalibard and W. Zwerger, Rev. Mod. Phys.
80 885 (2008).
[50] H. Miyake, G. Siviloglou, G. Puentes, D. E. Pritchard,
W. Ketterle and D. M. Weld, Phys. Rev. Lett. 107
175302 (2011); E. D. Kuhnle, H. Hu, X.-J. Liu, P. Dyke,
M. Mark, P. D. Drummond, P. Hannaford and C. J. Vale,
ibid 105 070403 (2010); T. A. Corcovilos, S. K. Baur, J.
M. Hitchcock, E. J. Mueller and R. G. Hulet, Phys. Rev.
A 81 013415 (2010).
[51] E. Altman, E. Demler and M. D. Lukin, Phys. Rev. A
70 013603 (2004); M. Greiner, C. A. Regal, J. T. Stewart
and D. S. Jin, Phys. Rev. Lett. 94 110401 (2005).
[52] D. S. Petrov, M. Holzmann, and G. V. Shlyapnikov,
Phys. Rev. Lett. 84 2551 (2000).
[53] A. Griffin, Excitations in a Bose-condensed Liquid (Cam-
bridge University Press, New York, 1993).
[54] S. S. Natu and E. J. Mueller, Phys. Rev. A 87 053607
(2013).
[55] R. A Barankov, L. S. Levitov and B. Z. Spivak, Phys.
Rev. Lett. 93 160401 (2004).
[56] M. Naraschewski and R. J. Glauber, Phys. Rev. A 59
4595 (1999).
[57] S. Tan, Ann. Phys. 323 2952 (2008); 2971 (2008); 2987
(2008); E. Braaten and L. Platter, Phys. Rev. Lett. 100
205301 (2008); F. Werner, L. Tarruell and Y. Castin Eur.
Phys. J B 68 401 (2009); S. Zhang and A. J Leggett,
Phys. Rev. A 79 023601 (2009).
[58] J. M. Diederix, T. C. F van Heijst and H. T. C Stoof,
Phys. Rev A 84 033618 (2011).
[59] L. P. Pitaevskii and S. Stringari, Phys. Lett. A 235
(1997).
[60] S. S. Natu and R. M. Wilson, Phys. Rev. A 88 063638
(2013).
[61] S. S. Natu and S. Das Sarma, Phys. Rev. A 88 031604
(R) (2013).
[62] S. Giovanazzi, A. Go¨rlitz and T. Pfau, Phys. Rev. Lett.
89 130401 (2002).
[63] A. L. Gaunt, T. F. Schmidutz, I. Gotlibovyich, R. P.
Smith and Z. Hadzibabic, Phys. Rev. Lett. 110 200406
(2013).
[64] A. G. Sykes and C. Ticknor, arXiv.eprint: 1206.1350.
[65] P. Barmettler, D. Poletti, M. Cheneau and C. Kollath,
Phys. Rev. A 85 053625 (2012).
[66] L. P. Pitaevskii, Sov. Phys. JETP 9 830 (1959).
[67] T. Pfau, private communication.
[68] R. N. Bissett and P. B. Blakie, Phys. Rev. Lett. 110
265302 (2013).
[69] P. B. Blakie, D. Baillie, and R. N. Bisset, Phys. Rev. A
86 021604 (R) (2012).
[70] G. M. Eliashberg, Nonequilibrium Superconductivity, ed.
by D. N. Langenberg and A. I. Larkin (North-Holland,
New York, 1986).
[71] A. Robertson and V. M. Galitski, Phys. Rev. A 80 063609
(2009).
[72] T. J. Tredwell and E. H. Jacobsen, Phys. Rev. B 13 2931
(1976).
[73] J. A. Pals and J. Dobben, Phys. Rev. B 20 935 (1979).
[74] S. Komineas and N. R. Cooper, Phys. Rev. A 75 023623
(2007).
[75] G. V. Shlyapnikov and P. Pedri, “Conference on Corre-
lated and Many-Body Phenomena in Dipolar Systems”,
Dresden (2006).
